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Yu Chen and Gary Struhl to members of the Fz family. However, there is as yet
no direct evidence for binding between Smo and Hh;Howard Hughes Medical Institute
Department of Genetics and Development the argument that Smo is a Hh receptor rests principally
on its receptor-like structure and on genetic evidenceColumbia University College of Physicians
and Surgeons that it is essential for Hh signal transduction (Hooper,
1994; Alcedo et al., 1996; van den Heuvel and Ingham,New York, New York 10032
1996).
The argument for Smo as the Hh receptor is compli-
cated by the existence of another protein, Patched (Ptc),Summary
previously proposed to act as a Hh receptor (Ingham et
al., 1991). Ptc is a multiple-pass transmembrane proteinSecreted proteins of the Hedgehog (Hh) family have
with structural similarity to channels and transportersdiverse organizing roles in animal development. Re-
(Hooper and Scott, 1989; Nakano et al., 1989). In Dro-cently, a serpentine protein Smoothened (Smo) has
sophila, Ptc is expressed in all cells that are responsivebeen proposed as a Hh receptor. Here, we present
to Hh but not in Hh-secreting cells which are insensitiveevidence that implicates another multiple-pass trans-
to Hh (Hooper and Scott, 1989; Nakano et al., 1989;membrane protein, Patched (Ptc), in Hh reception and
Phillips et al., 1990; Capdevila et al., 1994; Tabata andsuggests a novel signal transduction mechanism in
Kornberg, 1994). In addition, the level of Ptc expressionwhich Hh binds to Ptc, or a Ptc–Smo complex, and
rises in response to Hh signaling, and this up-regulationthereby induces Smo activity. Our results also show
appears to be a conserved feature of Hh signaling in allthat Ptc limits the range of Hh action; we provide evi-
systems examined to date (Hooper and Scott, 1989;dence that high levels of Ptc induced by Hh serve to
Nakano et al., 1989; Phillips et al., 1990; Capdevila etsequester any free Hh and therefore create a barrier
al., 1994; Tabata and Kornberg, 1994; Goodrich et al.,to its further movement.
1996; Marigo et al., 1996; Vortkamp et al., 1996).
As in the case of Smo, the proposal that Ptc is aIntroduction
Hh receptor depends principally on genetic evidence.
Normally, each body segment and limb is composed ofDuring development, cells send and receive information
an anterior (A) and posterior (P) compartment, and Hhabout their relative position within a tissue by secreting
acts as a short-range P-to-A signal which induces Aand transducing extracellular signals. Several families
compartment cells to secrete other signaling moleculesof signaling molecules have been identified during
such as Wg or Dpp (Basler and Struhl, 1994; Tabata andthe past 10 years. Prominent amongst these are the
Kornberg, 1994; Zecca et al., 1995). However, when PtcWingless/int-1 (Wnt), Hedgehog (Hh), and Transforming
activity is abolished, all A compartment cells behave asGrowth Factor (TGFb) families (reviewed by Nusse and
if uniformly induced (Phillips et al., 1990; Ingham et al.,Varmus, 1992; Ingham, 1994; Kingsley, 1994; Roelink,
1991; Ingham, 1993; Capdevila et al., 1994; Jiang and1995). However, until recently, relatively little was known
Struhl, 1995; Li et al., 1995). Hence, the loss of Ptcabout how these signals are generated or received, how
activity mimics reception of the Hh signal. These find-they move, or how they organize growth and patterning
ings are consistent with the proposal that Ptc is an Hhin tissues.
receptor with the novel property that it constitutivelyOne breakthrough has been the identification of puta-
represses the Hh signal transduction pathway unlesstive receptors. TGFb receptors were identified first and
bound by ligand (Ingham et al., 1991).shown to comprise a family of transmembrane serine–
In principle, a receptor for Hh should have at leastthreonine kinases (Mathews and Vale, 1991; reviewed
two properties. First, it should bind, and hence seques-by Massague´, 1992). By manipulating the activities of
ter, Hh. Second, Hh binding should alter some aspectthese receptors in vivo, it has been shown that at least
of its activity and this modulationshould lead to changessome TGFb family members, notably Drosophila Deca-
in cellular behavior, such as the transcription of particu-pentaplegic (Dpp), can act directly and at long range as
lar genes. Here, using in vivo assays for the ability of Agradient morphogens (Lecuit et al., 1996; Nellen et al.,
compartment cells both to transduce Hh signal and to1996).
restrict the movement of Hh, we find genetic evidenceVery recently, putative receptors have also been re-
that Ptc has both properties. As a consequence, weported for members of both the Wnt and Hh families
hypothesize that Ptc plays a direct role in receiving Hh(Alcedo et al., 1996; Bhanot et al., 1996; van den Heuvel
and propose a model in which the binding of Hh toand Ingham, 1996; reviewed by Perrimon, 1996). In the
Ptc, or to a Ptc–Smo complex, activates the Hh signalcase of the proposed Wnt receptors, these proteins
transduction pathway by rendering Smo active. Our re-belong to the Frizzled (Fz) family of serpentine trans-
sults also establish a second role for Ptc; we find thatmembrane proteins and are believed to be Wnt recep-
high levels of Ptc are both necessary and sufficient totors based on evidence that they can bind to Wingless
impede the spread of Hh from the P into the A compart-and activate the Wnt signal transduction pathway (Bha-
ment. Thus, we propose that the up-regulation of Ptcnot et al., 1996). The proposed Hh receptor, the Dro-
sophila protein Smoothened (Smo), is another serpen- by Hh reflects a novel “self-limiting” mechanism by
which Hh restricts its own range of action.tine transmembrane protein that has structural similarity
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Results boundary fail to up-regulate dpp, Ptc, and Ci expression
(Figures 1F, 1H, and 1J). Hence, we conclude that smo
is normally required in these cells for Hh signal transduc-Smo Is Required by Anterior Cells to Transduce
Hh and to Impede the Spread of Hh into tion. In contrast, all three responses are induced ectopi-
cally in wild-type A cells positioned immediately anteriorthe Anterior Compartment
The hh, ptc, and smo genes were initially identified by to these clones, often many cell diameters anterior to
the normal A/P boundary. Hence, these cells behave assaturation genetic screens (Nu¨sslein-Volhard and
Wieschaus, 1980; Nu¨sslein-Volhard et al., 1984) and if exposed to secreted Hh that has moved too far into
the A compartment. We conclude that Smo activity issubsequently assigned to the Hh signal transduction
pathway by genetic epistasis experiments performed in required in A compartment cells along the A/P boundary
for these cells both to transduce Hh and to limit itsembryos (Ingham et al., 1991; van den Heuvel et al.,
1993; Hooper, 1994). As noted in the Introduction, the further movement into the A compartment.
loss of ptc causes a similar phenotype to that of ectopic
of hh both in embryos and in the developing adult ap- Smo Acts Indirectly to Impede
pendages (Phillips et al., 1990; Ingham et al., 1991; In- the Movement of Hh
gham, 1993; Basler and Struhl, 1994; Capdevila et al., In principle, Smo, a transmembrane protein, could im-
1994; Jiang and Struhl, 1995; Li et al., 1995). To assay pede the movement of Hh by binding and sequestering
the role of smo, we have generated clones of cellshomo- the protein as it enters the A compartment. However,
zygous for smo3, an amorphic allele (see Experimental smo activity is also essential to transduce Hh, sug-
Procedures), in the developing wing. gesting that Smo might act indirectly by up-regulating
Hh secreted by P compartment cells in the wing nor- other gene products such as Dpp, Ptc, or Ci. To test
mally acts at short range to induce A compartment cells whether one or more downstream outputs of Hh signal-
just across the compartment boundary to transcribe ing can suffice to limit the movement of Hh, we sought to
dpp (Basler and Struhl, 1994; Tabata and Kornberg, activate the Hh transduction pathway in A compartment
1994; Zecca et al., 1995). Clones of smo3 cells that arise cells that lacked smo gene function.
either in the P compartment, or in portions of the A Protein kinase A (PKA) is normally required in A com-
compartment distant from the A/P boundary, develop partment cells to prevent inappropriate Ptc, Ci, and dpp
normally (Figure 1A; data not shown). In contrast, smo3 expression in the absence of Hh signaling (Jiang and
clones that arise immediately anterior to the A/P bound- Struhl, 1995; Johnson et al., 1995; Lepage et al., 1995;
ary are associated with reorganized wing patterns (Fig- Li et al., 1995; Pan and Rubin, 1995). We therefore asked
ure 1C). Hence, smo is required specifically in A cells whether eliminating PKA activity might suffice to acti-
positioned along the A/P boundary, the same cells that vate the intracellular Hh transduction pathway in smo3
are normally induced by Hh to transcribe dpp. cells (Experimental Procedures). As shown in Figure 2B,
In wings bearing large A compartment clones of smo3 this is indeed the case; clones of smo3 PKA2 cells ex-
cells that abut the A/P boundary (e.g., Figure 1C), the press high levels of Ptc regardless of their positionwithin
entire A compartment is reorganized to form a mirror the A compartment, in contrast to smo3 PKA1 cells (Fig-
symmetric double-A winglet with the plane of symmetry ure 2A), and similar results have been obtained for Ci
running along the anterior border of the clone. Con- and dpp expression (data not shown; van den Heuvel
versely, the P compartment is severely reduced and and Ingham, 1996). Hence, these clones can be used
forms structures normally located far from the compart- to test whether constitutively activating the Hh signal
ment boundary. A clue to interpreting this phenotype transduction pathway can restore the ability of smo3
is that the double-A winglets resemble supernumerary cells to restrict the movement of Hh. We find that both
winglets organized by clones of ectopic dpp-expressing Ptc and dpp-lacZ expression are up-regulated in wild-
cells in the middle of the A compartment (Zecca et al., type cells anterior to smo3 PKA1 clones (Figure 2A) but
1995), whereas the loss of P compartment structures are not up-regulated in wild-type cells anterior to smo3
resembles that observed following the elimination of en- PKA2 clones (Figure 2B). We therefore infer that one or
dogenous dpp activity along the compartment boundary more downstream outputs of Hh signaling induced by
(Posakony et al., 1991). Thus, the loss of smo activity the loss of PKA activity can suffice, even in the absence
in these clones appears to cause an anterior shift in the of Smo activity, to block the spread of Hh into the A
distribution of dpp-expressing cells (Figures 1B and 1D). compartment.
Because exposure toHh is bothnecessary and sufficient
to induce A cells to express dpp (Basler and Struhl,
Ptc Restricts the Movement of Hh1994; Tabata and Kornberg, 1994; Zecca et al., 1995),
Of the proteins known to be up-regulated in responsewe interpret this shift as evidence that the loss of Smo
to Hh signaling, only Ptc is an integral transmembraneactivity abolishes the ability of A cells to respond to Hh
protein, raising the possibility that it may directly bindand also allows Hh to spread abnormally far into the A
and sequester Hh. We therefore generated large A com-compartment until it reaches, and is transduced by,
partment clones of ptc2 cells that abut the A/P compart-smo1 cells.
ment boundary and used the up-regulation of Ptc andTo test this interpretation, we assayed dpp, Ptc, and
dpp-lacZ expression in more anteriorly situated ptc1Cubitus interruptus (Ci) expression, because all three
cells to monitor their exposure to Hh (Experimental Pro-are normally up-regulated in A compartment cells in
cedures). As shown in Figures 2C and 2D, these moreresponse to Hh (Figures 1E, 1G, and 1I). We find that
clones of smo3 cells located just anterior to the A/P anteriorly situated cells do indeed up-regulate both Ptc
Hh Sequestration and Transduction by Ptc
555
Figure 1. A Compartment Cells Require smo
to Transduce and Sequester Hh
(A–D) Normal (A and B) and reorganized (C
and D) wing patterns associated with A com-
partment clones of smo3 cells located away
from, or next to, the A/P compartment bound-
ary. (A) and (C) show the actual wings and (B)
and (D) show our interpretation of Hh signal-
ing in these wings. The wing shown in (A)
and (B) carries a smo3 clone located between
veins 1 and 2 (outlined in pink) and develops
normally, indicating that smo is not required
in A compartment cells away from the A/P
boundary (shown in turquoise). In contrast,
the wing shown in (C) carries a smo3 clone
just anterior to the A/P compartment bound-
ary, and the A compartment of this wing has
developed as a double-A winglet at the ex-
pense of the P compartment; note that the
plane of symmetry in the winglet coincides
with the anterior border of the clone (along
vein 3). We interpret these results as follows.
smo3/1 cells in the A compartment (gray) are
normally primed to respond to Hh (dark blue)
by transcribing dpp (red). However, smo3
cells (white) can neither transduce nor se-
quester Hh. Such clones are normal when
positioned away from the A/P boundary, be-
cause cells in this position are not exposed
to Hh and do not require smo to turn on dpp
(A and B). However, when positioned along
the A/P compartment boundary, smo3 clones
fail to turn on dpp in response to Hh and also
allow Hh to spread abnormally far into the
A compartment until it reaches, and induces
ectopic dpp expression in, smo1 cells imme-
diately anterior to the clone (D). Landmark
structures of the wing are indicated in (A) and
(C) as follows: longitudinal veins (1–5), poste-
rior wing margin (m), triple row and double
row margin bristles (TR, DR), and the transi-
tion between TR and DR (arrowhead).
(E–J) Normal wing discs (E, G, I) and wing
discs bearing smo3 clones just anterior to the
A/P boundary (F, H, J) assayed for the re-
sponse of A compartment cells to Hh. In nor-
mal discs, a thin strip of A compartment cells
across the boundary express dpp (E and G)
and up-regulate Ci (G) and Ptc (I) expression
inresponse to Hh secreted by P compartment
cells. In contrast, clones of smo3 cells that
arise immediately anterior to the A/P bound-
ary (turquoise in the merged central image)
fail to express dpp (F and H) or to up-regulate
Ci (H) or Ptc (J), indicating that they are no
longer able to respond to Hh signaling; how-
ever, all three responses occur ectopically in
thin strips of smo1 cells positioned immedi-
ately anterior to the borders of these smo3
clones, indicating that Hh has spread abnormally far until it reached and was transduced by smo1 cells. Protein (Ci, Ptc, CD2) and gene (dpp,
en, hh, arm-lacZ) expression are shown as labeled on the images and diagrammed at the bottom of the figure (gene expression is monitored
by b-gal expression from lacZ reporter genes; protein expression is monitored using appropriate antisera). In the merged (central) images
shown in (F, H, J), clone boundaries are shown in black (except when they abut the A/P boundary shown in turquoise), and the clones are
indicated by dark blue arrows. In (E), (F), and (I), hh and engrailed (en) expression serve to show the P compartment; in (G), (H), (I), and (J),
Ci and Ptc staining serve to show the A compartment (though the level of expression of both Ci and Ptc depends on whether they are up-
regulated in response to Hh). In addition, smo3 cells are marked independently in (F) and (J) by the absence, respectively, of CD2 and arm-
lacZ expression and their presence inferred in (H) based on the absence of dpp expression in a broad stripe of A compartment cells along
the A/P boundary (compare with [F]). Note that there are additional smo3 mutant clones in the P compartments of the discs shown in (F) and
(J). Here, and in subsequent figures, wing discs are oriented anterior to left and ventral side up, and the exact genotypes are given in
Experimental Procedures according to figure number and panel letter.
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Figure 2. Smo Acts Indirectly to Restrict the
Spread of Hh into the A Compartment by Up-
Regulating Ptc
Ectopic dpp transcription and Ptc up-regula-
tion have been used as in vivo assays for the
inappropriate spread of Hh through clones of
smo3 (A), smo3 PKA2 (B), ptc2 (C and D), and
ptcS2 (E) mutant cells. Both dpp and high lev-
els of Ptc are detected in cells located imme-
diately anterior to clones of smo3 (A) and ptc2
(C and D) cells, indicating that the mutant
cells, which express low levels (A) or no (C
and D) Ptc, fail to sequester Hh. In contrast,
nei ther response is apparent anterior to
clones of smo3 PKA2 (B) or ptcS2 (E) cells,
which express high levels of Ptc, indicating
that these cells retain Hh sequestering activ-
ity. The diagrams on the right indicate the
genotypes of cells both inside and outside
the clones and summarize the results shown
in the micrographs to the left as well as our
interpretation of the distribution of Hh (dark
blue dots and arrows). In general, the A/P
compartment boundary and the clone bor-
ders are shown as turquoise and black as in
Figure 1, and dpp and Ptc expression are
shown in red and green. The boxed portion
of the Ptc staining in micrographs on the right
(green) shows Ptc expression as indicated in
the insert in the adjacent diagram. Note that
in (A), (B), (D), and (E), the dpp-Z gene used
to monitor dpp transcription is eliminated in
cells belonging to the clone (Experimental
Procedures); hence, in these images, dpp ex-
pression is assayed only in cells outside of
the mutant clones. The clones are marked by
the absence of dpp expression (A, B, D, and
E), the absence or low level of Ptc expression
(A, C, and D), and the up-regulation of Ptc
expression (B andE), depending on the geno-
type; the A/P compartment boundary coin-
cides with the posterior borders of Ptc (A, B,
and E) and dpp (C) expression and with the
anterior border of en (B) expression. The
dpp-Z reporter gene used in (D and E) is also
expressed uniformly at low level in all wing
cells, providing an independent means to
mark the clones throughout the wing disc.
Finally, the white arrows in (B and E) indicate
additional smo3 PKA2 (B) and ptcS2 (E) clones
positioned at a distance from the A/P com-
partment boundary.
and dpp-lacZ expression, indicating that the ptc2 cells Up-Regulation of Ptc by Hh Is Normally
Required to Limit the Movement of Hhalong the compartment boundary have failed to restrict
the movement of Hh. The up-regulation of Ptc by Hh is a conserved feature
of Hh signaling in all systems examined, yet this re-We also made clones of cells homozygous for ptcS2,
a mutant allele that gives rise to Ptc protein but appears sponse is paradoxical because the only activity pre-
viously ascribed to Ptc is to repress Hh signal transduc-indistinguishable from null alleles when assayed for its
ability to repress inappropriate activity of the Hh signal tion. However, our experiments suggest that high levels
of Ptc expression are required in these cells to limit thetransduction pathway (Figure 2E; data not shown; see
also Phillips et al., 1990; Jiang and Struhl, 1995 ; Li et movement of Hh from the P into the A compartment
(Figures 1H, 2A, and 2B). To test this, we examined theal., 1995). In contrast to ptc2 cells, ptcS2 cells do express
high levels of Ptc, albeit a mutant form, and restrict the consequences of forcing cells along the A/P compart-
ment boundary to express low, moderate, or high levelsspread of Hh into the A compartment (compare Figures
2D and 2E). Hence, we infer that PtcS2 retains an activity of Ptc.
First, we generated a transgene, TPH, composed ofthat allows A compartment cells to sequester Hh. This
sequestering activity cannot be attributed to other the constitutive Tubulina1 promoter, the ptc coding se-
quence and the hsp70 39UTR designed to express ptcdownstream outputs of the Hh signal transduction path-
way because these outputs are similarly induced in ptc2 uniformly but at low level (see Experimental Proce-
dures). ptc2 animals carrying a single copy of the TPHas well as ptcS2 cells.
Hh Sequestration and Transduction by Ptc
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not exposed to Hh but appears inadequate to allow cells
along the A/P boundary to prevent Hh from spreading
abnormally far into the A compartment.
To test this inference further, we replaced one of the
two ptc2 alleles in this genetic background with the ptcS2
allele. As described above, ptcS2 encodes a mutated
protein that has no detectable Ptc activity other than
the ability to limit the movement of Hh. Nevertheless,
we find that providing the ptcS2 gene together with the
TPH transgene reconstitutes full ptc function; TPH ptc2/
ptcS2 animals are viable, show normal patterns of Ptc,
Ci, and dpp up-regulation in the wing disc and give rise
to apparently normal flies (data not shown). Hence, we
surmise that the up-regulation of ptc by Hh is specifically
required during normal development to prevent the fur-
ther movement of Hh into the A compartment. It is this
capacity that is lacking in the transgene and restored
by the introduction of the ptcS2 gene.
Second, we assayed the rescuing activity of another
transgene, TPT, designed to generate a higher level of
constitutive Ptc expression owing to the substitution of
the Tubulina1 39 UTR for the hsp70 39 UTR (see Experi-
mental Procedures). We find that ptc2 animals carrying
a single copy of the TPT transgene survive to adulthood
and form normal wings. Nevertheless, we observe that
both a dpp-lacZ and a ptc-lacZ reporter gene are ex-
pressed in abnormally broad stripes in the wing discs
of these animals (Figures 4A and 4B; data not shown),
suggesting that the level of Ptc expression derived from
the transgene may not suffice to restrict the movement
of Hh to the same extent as in wild-type animals. This
possibility is supported by our finding that adding a
Figure 3. LowLevels of Ptc Are Sufficient to Block Ectopic Hh Signal second copy of the TPT transgene, hence doubling the
Transduction But Not to Impede the Movement of Hh into the A
level of Ptc expression in these discs, rescues the nor-Compartment
mal pattern of dpp-lacZ and ptc-lacZ expression (Fig-ptc2 clones positioned distant from (A) or adjacent to (B and C), the
ures 4A and 4C; data not shown). We have also cali-A/P compartment boundary in the presence of constitutive, but low
brated the level of Ptc derived from the TPT transgenelevel, expression of Ptc derived from a single copy of the TPH
transgene. The anterior clone in (A) is marked by the lack of CD2 and find that it is approximately 2-fold lower than the
expression (arrow) and does not express dpp, indicating that the level of Ptc protein derived from the wild-type gene in
level of Ptc derived from the transgene is sufficient to block ectopic A compartment cells located next to the A/P boundary
activity of the Hh signal transducing pathway. In contrast, dpp is
(Figure 4D). Thus, the level of Ptc up-regulation normallyexpressed at high level by all cells in the clone shown in (B) and (C)
induced by Hh appears to exceed the level necessaryas well as in wild-type cells located anterior to the clone, generating
to prevent inappropriate movement of Hh by only a fewan abnormally broad stripe (compare [A] and [B]); hence, we infer
that the level of Ptc derived from the transgene is not sufficient to fold.
prevent inappropriate spread of Hh into the A compartment. Note Finally, we have used a combination of the Gal4/UAS
that Flp-mediated mitotic recombination generates ptc1/ptc1 clones and Flp-out techniques (Nellen et al., 1996) to generate
that carry two copies of the CD2 marker gene as well as ptc2/ptc2
clones of cells that express levels of Ptc that are severalclones in which the marker gene is eliminated; such “two-copy”
fold higher than the levels normally induced by Hh alongclones express twice the level of CD2 protein and are apparent in
the A/P compartment boundary (see Experimental Pro-the unmerged image of CD2 staining (on the right).
cedures). Such clones develop normally, provided that
they do not abut the compartment boundary (Figuretransgene do not survive to adulthood. Hence, we as-
5A; data not shown). However, clones that abut thesayed the ability of the transgene to rescue the develop-
boundary from either the anterior or posterior side causement of clones of ptc2 cells. We find that such clones
moderate reductions in the up-regulation of Ci expres-develop normally, provided that they arise at a distance
sion as well as mild patterning defects in the adult, andfrom the A/P compartment boundary; in particular, they
wing discs in which overexpressing ptc clones abut thedo not express dpp or exhibit elevated levels of Ptc and
A/P compartment boundary from both sides show se-Ci, nor do they alter the adult wing pattern (Figure 3A;
vere reductions in Ci expression and wing pattern (Fig-data not shown). However, the presence of the trans-
ures 5B and 5C; data not shown). The independent andgene does not rescue the development of ptc2clones
additive effects of overexpressing Ptc along each sidethat arise immediately anterior to the A/P boundary; dpp
of the A/P compartment boundary suggest that suchis expressed in an abnormally broad domain associated
overexpression compromises the ability of P cells towith these clones (Figures 3B and 3C). Thus, the level
send, and A cells to receive, Hh. Because Ptc is normallyof Ptc expression derived from the transgene is suffi-
cient to repress ectopic Hh transducing activity in cells not expressed in the P compartment, it is possible that
Cell
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Figure 4. High Levels of Ptc Are Required to Impede Inappropriate
Spread of Hh into the A Compartment
(A–C) Expression of a ptc-lacZ reporter gene in wing discs in which
Ptc derives solely from two copies of the ptc1 gene (A; 2 3 ptc1),
or one (B) or two (C) copies of the TPT transgene (1 3 or 2 3 TPT).
ptc-lacZ is expressed in an abnormally broad domain in the 1 3
TPT wing disc (B) compared with the wild-type disc (A); this ectopic
expression can be attributed to inadequate levels of Ptc expression,
because the 2 3 TPT wing disc (C) shows a normal (narrow) stripe
of expression.
(D) Calibration of the Ptc level generated from the TPT transgene.
The arrowhead in (D) indicates a clone expressing Ptc derived solely
Figure 5. Overexpression of Ptc in A or P Compartment Cells alongfrom two copies of the TPT transgene (marked by absence of arm-
the Compartment Boundary Compromises Hh SignalinglacZ expression),whereas the thick arrow indicates a clone express-
UAS>ptc clones generated away from (A), or along one (B and C)ing Ptc derived solely from two copies of the wild-type gene (marked
or both (C) sides of the A/P compartment boundary in MS1096-by the higher level arm-lacZ staining, present in two copies in the
Gal4; UAS>CD2, y1>ptc wing discs. Clones are marked by the lossclone). Note that the level of Ptc generated from two copies of the
of CD2 expression (arrows) and the effects of the clones on HhTuba1-ptc-Tuba1 transgene is significantly higher than that derived
signal transduction monitored by assaying the level of Ci expressionfrom two copies of the ptc1 gene away from the A/P boundary. In
along the A/P boundary (outlined in blue). Ci up-regulation is notcontrast, A compartment cells next to the A/P boundary that have
affected by clones positioned at a distance from the boundary (A);one copy of each gene (thin arrow), express levels of Ptc that are
however, it is diminished when either A (C, filled arrow) or P (B,higher than cells carrying two copies of the transgene (arrowhead),
open arrow) compartment clones abut the boundary and is abol-indicating that the transgene is generating levels of Ptc that ap-
ished when clones abut both sides of the boundary (C).proach, but do not reach, the level of Ptc expressed by wild-type
A compartment cells exposed to Hh.
cells, behave simply as if unable to transduce Hh (Fig-
ures 6B and 6C). That is, A compartment clones that
its ectopic expression in these cells reduces the amount run along the A/P compartment boundary cause the
of Hh available to signal to A compartment cells. formation of double-A winglets at the expense of the
remainder of the wing pattern, whereas clones that arise
elsewhere in the wing develop normally. Hence, the con-Ptc Regulates Smo Activity in Response
to Hh Signaling stitutive activity of the Hh transduction pathway caused
by removing ptc activity depends on ectopic Smo activ-As shown inFigure 1, smo2 cellsbehave as if they cannot
transduce Hh, and this deficiency leads to a phenotype ity. This result indicates that Ptc normally represses or
precludes Smo activity in the absence of Hh.in which the A compartment develops as a symmetric
double-A winglet at the expense of the rest of the wing.
In contrast, ptc2 cells behave as if they constitutively Discussion
transduce Hh and organize the formation of a supernu-
merary double-A winglet (e.g., compare Figures 1C and Hh proteins exert profound organizing activities during
animal development, activities that appear linked in all6A; see Phillips et al., 1990; Capdevila et al., 1994; Jiang
and Struhl, 1995; Li et al., 1995). To assess the causal systems examined to the induction of high levels of ptc
expression in neighboring cells (Hooper and Scott, 1989;relationship between these gene functions, we have
generated clones of smo3 ptcS2 cells (see Experimental Nakano et al., 1989; Phillips et al., 1990; Capdevila et
al., 1994; Tabata and Kornberg, 1994; Goodrich et al.,Procedures). We find that smo3 ptcS2 cells, like smo3
Hh Sequestration and Transduction by Ptc
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1996; Marigo et al., 1996; Vortkamp et al., 1996). How- have to deplete the available pool of secreted Hh, a
process of sequestration that would require these cellsever, in Drosophila, ptc encodes a transmembrane pro-
tein whose only known function is to repress Hh signal to bind, inactivate, or eliminate Hh. A simple explanation,
which we favor, is that Ptc can bind Hh, allowing cellstransduction. Hence, the Ptc paradox: why does Hh up-
regulate Ptc, if Ptc acts only to block the ability of cells that express high levels of Ptc toadsorb any free Hh. The
binding of Hh to Ptc could also lead to the inactivation orto respond to Hh? Here, we offer a resolution to this
paradox by establishing a second role for Ptc; we pro- removal of Hh (e.g., by proteolytic cleavage or endocyto-
sis), making the process of sequestration irreversible.vide evidence that high levels of Ptc are both necessary
and sufficient to enable A compartment cells to seques- The main virtue of this explanation is that it accounts
for the tight correlation we observe between the level ofter Hh and restrict its range of action. Hence,we propose
that Ptc up-regulation reflects a conserved mechanism Ptc expression and the degree to which Ptc-expressing
cells can restrict the movement of Hh in vivo. It is alsoby which Hh limits its own ability to move through re-
sponsive tissue. testable because itpredicts that Ptc will have Hh binding
activity, a possibility that can be assayed in vitro.In addition to showing that high levels of Ptc allow
cells to sequester Hh, we also demonstrate that Ptc There are, however, more complex interpretations
that are tenable. In particular, Ptc may interact withrepresses the Hh signal transduction pathway by
blocking the intrinsic activity of Smo, a protein of the Hh indirectly, e.g., through its ability to tether another
protein that directly binds or modifiesHh. Another possi-serpentine family of heterotrimeric G protein–coupled
receptors (Alcedo et al., 1996; van den Heuvel and Ing- bility is that Ptc can bind to Hh but only as part of a
complex with Smo (see below; Figure 7). Although ourham, 1996). The structure of Smo, its partial homology
to the Frizzled family of putative Wnt receptors, and results do not allow us to discriminate between possible
mechanisms in which Hh is bound either by Ptc alone,recent genetic evidence indicating that it is necessary
for Hh signal transduction have led to the proposal that or by a Ptc–Smo complex, they do suggest that Smo
lacks the capacity to bind Hh in the absence of Ptc. ThisSmo encodes an Hh receptor (Hooper, 1994; Alcedo et
al., 1996; Bhanot et al., 1996; van den Heuvel and In- is because ptc2 cells fail to limit the spread of Hh even
though Smo is active in these cells and all other out-gham, 1996, reviewed by Perrimon, 1996). However, our
evidence that Ptc is involved both in sequestering Hh puts of Hh signaling appear to be induced (Figures 2C
and 2D).and in modulating Smo activity in response to Hh points
towards a more complex class of mechanisms in which The argument that Ptc is a component of theHh recep-
tor depends not only on our evidence that Ptc is involvedPtc or a Ptc–Smo complex serves as the Hh receptor.
in sequestering Hh but also on the result of our genetic
epistasis experiment (Figure 6). We find that the loss of
Hh Sequestering and Transducing Roles of Ptc Ptc activity in A compartment cells leads to the cell-
Receptors for extracellular ligands are defined by at autonomous and constitutive activityof Smo, regardless
least two properties. First, they physically interact with of whether or not these cells are exposed to Hh. Thus,
and hence receive the ligand. Second, as a conse- it appears that Hh can modulate Smo activity only in
quence of ligand binding, their conformation or intrinsic the presence of Ptc. This result suggests that Ptc is
activity is altered, initiating a sequence of events that positioned upstream of Smo in Hh signal transduction,
transduces the reception of the ligand into a change in either as a factor that regulates Smo-transducing activ-
cellular behavior. As we discuss below, our findings ity in response to Hh or as a factor that facilitates the
allow us to attribute both properties to Ptc and hence direct modulation of Smo activity by Hh.
lead us to propose that Ptc is a component of the Hh
receptor.
The key evidence suggesting a direct role for Ptc in Ptc and Smo in Hh Signal Transduction:
Possible Mechanismsreceiving Hh comes from experiments in which we ma-
nipulate Ptc expression in A compartment cells along Any model for the molecular roles of Ptc and Smo must
account for two unusual aspects of Hh signal transduc-the A/P boundary. We find that experimental interven-
tions that eliminate Ptc (Figures 2C and 2D) or block its tion, namely, first, that Hh initiates its transduction path-
way by blocking the intrinsic activity of Ptc, and second,normal up-regulation in these cells (Figures 1, 2A, and
3), allow Hh to spread too far into the A compartment. that the activity of Smo, which is structurally related to
G protein–coupled serpentine receptors, is not directlyConversely, manipulations that cause these cells to ex-
press high levels of Ptc (Figures 2B, 2E, and 4), impede controlled by any known ligand but rather by the state
of Ptc. In Figure 7, we present two related models thatthe movement of Hh into the A compartment. Indeed,
we even find evidence that forcing high levels of ectopic can account for both.
In the first model (Figure 7B), we propose that PtcPtc expression in P compartment cells can limit the
amount of Hh available to move into the A compartment interacts directly with Smo to form a Ptc–Smo complex
in which Smo is rendered inactive. The binding of Hh to(Figure 5). Thus, there is a tight correlation between the
ability of a cell to express high levels of Ptc and its this complex then releases the latent activity of Smo.
For example, Hh binding could simply dissociate theability to reduce the availability of secreted Hh to other
cells. Ptc–Smo complex to generate free Smo that is active,
or it might change an allosteric interaction within theHow might the expression of high levels of Ptc allow
cells to limit the availability of Hh to other cells? To complex that is responsible for the repression of Smo
activity. One consequence of derepressing Smo activityrestrict the availability of Hh, Ptc-expressing cells would
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this complex itself could be viewed as a multimeric re-
ceptor with distinct Hh-binding (Ptc) and Hh-transduc-
ing (Smo) components.
The second model (Figure 7C) differs from the first in
that Hh interacts only with Ptc, and the action of Ptc on
Smo is not direct. In this case, we propose that in the
absence of Hh, Ptc sequesters an essential cofactor for
Smo. Hh binding to Ptc then leads to the release of the
cofactor and induces Smo activity.
Key aspects of these models, such as the affinity and
nature of the direct interactions that we posit occur
between Hh, Ptc, and Smo, remain unspecified, and
there is, as yet, no evidence for the Smo cofactor shown
in Figure 7C. However, both models are logically equiva-
lent in that Hh need bind only some, and perhaps only
a few, molecules of Ptc or the Ptc–Smo complex to
elicit Smo activity. In principle, the two models can be
distinguished experimentally. The direct model (Figure
7B) predicts that Ptc and Smo should interact physically,
and such interactions could be verified genetically by
allele-specific interactions or by biochemical means.
Conversely, the indirect model (Figure 7C) predicts the
existence of additional factors, such as the putative Smo
cofactor, which causally link the state of Ptc activity to
that of Smo.
General Implications of the Hh Signal
Transduction Mechanism
It is not obvious why the mechanism of Hh signal trans-
duction is so complex. However, we suggest that it may
have to do with the unusual role Hh plays in regulating
its own movement through responding tissues. During
early Drosophila development, the receptors Toll and
Torso are uniformly distributed along the surface of the
embryo and are responsible for trapping, as well as
Figure 6. smo Acts Downstream of ptc to Transduce Hh transducing, the localized extracellular ligands Spa¨tzle
(A) ptcS2 clone located at a distance anterior to the A/P compartment and Trunk, which control dorsoventral and terminal pat-
boundary: cells belonging to the clone behave as if exposed to terning, respectively (Stein et al., 1991; Sprenger and
ectopic Hh and organize mirror symmetric A compartment patterns Nu¨sslein-Volhard, 1992; Casanova and Struhl, 1993;
on either side.
Morisato and Anderson, 1994; Casanova et al., 1995).(B) smo3 ptcS2 clone located at a distance anterior to the A/P com-
Hence, the only barrier to free diffusion of each of thesepartment boundary (as in [A]); cells belonging to the clone, like the
ligands appears to be the presence of its receptor. Ourremaining cells of the wing, develop normally, indicating that ectopic
activity of the Hh signaling pathway caused by eliminating ptc activ- finding that Ptc also plays dual roles in sequestering
ity depends on smo activity. and transducing Hh leads us to draw a similar inference:
(C) smo3 ptcS2 clone along the A/P boundary. The reorganized wing namely, that Hh would be free to diffuse across A com-
pattern associated with the clone is similar to that of the smo3 clone
partment tissue in the absence of high levels of Ptc.shown in Figure 1C, indicating that the mutant cells can neither
However, the situation with Ptc differs from that of Tollsequester, nor transduce, Hh.
or Torso in that its ability to impede the movement ofClones are outlined in black and wing structures indicated as in
Figure 1; the sha mutation used to mark the ptcS2 clone shown in its ligand, Hh, is itself dependent on transduction of the
(A) reduces or eliminates wing hairs, allowing the clone to be visual- signal. Thus, Hh may restrict its own range of action by
ized as a white swath in the photograph. up-regulating the expression of a ligand-binding compo-
nent of its receptor.
We note two corollaries to this conclusion. First, it isis an elevation in the level of ptc transcription; this
causes a corresponding increase in the level of Ptc on no longer necessary to posit that the up-regulation of
Ptc serves an important role in regulating the Hh signalthe cell surface that then binds and sequesters any
remaining free Hh, creating a barrier to its further move- transduction pathway in cells exposed to Hh. Instead,
it may occur solely because it is required to restrict thement. For simplicity, we assume that the expression of
Smo is not elevated in response to Hh signaling or the movement of the ligand. Second, although Hh is known
to act as a short-range signal during Drosophila devel-up-regulation of Ptc. As a consequence, we suppose
that Hh is sequestered primarily by “free” Ptc rather opment, Hh proteins may move over larger distances in
other systems, such as vertebrate somites and the spi-than by Ptc complexed with Smo. We note that if Hh
interacts solely with Ptc within the Ptc–Smo complex, nal cord (Fan et al., 1995; Roelink et al., 1995). Perhaps
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the range of direct action of Hh varies in different tissues
because they are programmed to up-regulate Ptc ex-
pression to different degrees in response to Hh. For
example, a reduction in the degree of Ptc up-regulation
would allow Hh to move further from its source tissue
and act directly over a longer range, a condition we have
simulated in the Drosophila wing by replacing endoge-
nous ptc with a transgene that yields an intermediate
level of Ptc (Figure 4). Thus, the ability of Hh to limit its
own movement by up-regulating Ptc may allow it to
serve either as a short- or long-range signaling molecule
depending on developmental context.
Experimental Procedures
Mutations and Transgenes Employed
smo3: an apparent null allele (isolated by Nu¨sslein-Volhard et al.,
1984): smo3/smo3, smo3/Df(2L)N1, smo2, and Df(2L)N1, smo2/
Df(2L)N1, smo2 embryos maintained at 178C yield larvae with indis-
tinguishable hh-like segmentation phenotypes, whereas most em-
bryos maintained at 258C develop a normal segmentation pattern;
the rescue of the hh-like segmentation phenotype at 258C is due to
perdurance of maternally derived smo activity as smo3/smo3 em-
bryos derived from smo3/smo3 female germline cells develop like
hh2/hh2 embryos (data not shown; see also van den Heuvel and
Ingham, 1996).
DCOE95: an apparent null mutation of the DC0 gene that encodes
the catalytic subunit of PKA (Jiang and Struhl, 1995), referred to as
PKA2.
sha and stc: recessive cell marker mutations on 2L and 2R that
split, or reduce the size of, wing hairs (Phillips et al., 1990; Jiang
and Struhl, 1995).
ptcIIW and ptcP78: null alleles (Nakano et al., 1989; Capdevila et al.,
1994).
ptcS2: a protein-coding allele that behaves like ptc2 alleles in caus-
ing ectopic activation of the Hh signal transduction pathway when
homozygous (Phillips et al., 1990; Ingham, 1991; Ingham and Hi-
galgo, 1993; Jiang and Struhl, 1995; this study).
dpp-lacZ3.0 andptc-lacZ(III): dpp-lacZ (Blackman etal., 1991) and
ptc-lacZ (ptc(10.8L)A; J. Grenier, Y. Higashi, and M. Scott, personal
communication) transgenes. dpp-lacZ3.0 is inserted in the right arm
of chromosome 2, the others in chromosome 3.
enXho25, hhP30, dppP10638: lacZ-expressing enhancer-trap alleles (for
Figure 7. Possible Roles for Ptc and Smo in Receiving and Trans- references see Zecca et al., 1995).
ducing Hh arm-lacZ.2L and arm-lacZ.2R: armadillo (arm) promoter-lacZ
(A) The regulatory relationships between Ptc, Smo, and Hh are dia- transgenes inserted on 2L and 2R that express lacZ ubiquitously
grammed in A compartment cells away from (left) and next to (right) (Vincent et al., 1994).
the A/P compartment boundary. In cells away from the boundary, CD2.2L.1 and CD2.2R.1: hsp70-CD2, y1 transgenes inserted on
low levels of Ptc (red) suffice to repress Smo (green) or render it 2L and 2R (Jiang and Struhl, 1995).
inactive. In cells next to the boundary, Hh (dark blue) represses or MS1096-Gal4: a Gal4 driver line expressed in third instar wing
alters Ptc activity, rendering Smo active, and as a consequence up- discs (Capdevila and Guerrero, 1994).
regulates Dpp (light blue) and Ptc expression at the transcriptional hsp70 and FRT transgenes: as previously described (Chou and
level. Perrimon, 1992; Xu and Rubin, 1993; Jiang and Struhl, 1995); other
(B) Model for direct action of Ptc on Smo. In cells away from the markers and chromosomal rearrangements are described in Lind-
A/P boundary (left), Ptc associates in a complex with Smo and sley and Zimm (1972).
represses its latent transducing activity (here and in [C], Ptc and Tuba1-ptc-Tuba1 39UTR (TPT): a modified form of the Tuba1>
Smo are shown filled in or open to represent their different states CD2, y1>hh-Tuba1 39UTR transgene (Zecca et al., 1995) in which
of activity depending on whether Hh is bound to Ptc; color coding the hh coding sequence is replaced by the ptc coding region (nucle-
as in [A]). In the absence of Smo activity, PKA blocks the Hh signal otides 617–4655; Hooper and Scott, 1989) and the >CD2, y1> Flp-
transduction pathway, possibly by phosphorylating and inactivating out cassette removed. All six lines of transformants obtained res-
Ci, and as a consequence ptc is expressed at low level and dpp is cued ptc2/ptcS2 flies to adulthood, and all but line TPT.2L also res-
not transcribed at all. In cells next to the A/P boundary (right), Hh cued ptc2/ptc2 flies. Since TPT.2L is the only line located on 2L, it
secreted by neighboring P compartment cells binds to Ptc, causing was used in generating smo3 ptcS2 clones (see below).
it to dissociate from Smo or changing the nature of its interaction
with Smo. As a consequence, Smo is rendered active and alleviates
the repression of Ci imposed by PKA activity, allowing the level of
Ci to rise and causing dpp, ptc as well as other outputs of Hh (C) Model for indirect action of Ptc on Smo. In cells away from the
signaling to be up-regulated. The induced cells express high levels A/P boundary, Ptc sequesters a cofactor (yellow) that is essential
of Ptc that sequester and thereby impede the further diffusion of for Smo activity. In cells next to the boundary, Hh binding to Ptc
Hh into the A compartment; they also secrete Dpp, which organizes causes release of the factor, which then binds to Smo and renders
the development of both compartments. it active.
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Tuba1-ptc-hsp70 39 UTR (TPH): a modified form of Tuba1-ptc- absence of CD2 (Figure 5): y w hsp70-flp MS1096-Gal4/y hsp70-flp
or Y; UAS>CD2, y1>ptc/1.Tuba1 39UTR in which the Tuba1 39UTR is replaced by the hsp70
39UTR (Struhl and Basler, 1993) and the Casper vector used instead
of the Carnegie4 vector. Two lines of transformants, TPH.2L and Imaginal Disc Staining
TPH.3, were used and gave identical results. Standard protocols for immunofluorescence staining (Struhl and
UAS>CD2, y1>ptc : a modif ied form of a UAS>CD2, y1>dpp Basler, 1993) were followed using mouse aCD2 (OX34; Serotec),
transgene (Nellen et al., 1996) in which the ptc coding sequence rabbit abgal (Cappel), rat aCi (Motzny and Holmgren, 1995), and
replaces that of dpp. mouse aPtc (Capdevila et al., 1994) antisera. hsp70-CD2 gene ex-
pression was induced by heat-shocking larvae at 378C for 60 min
Parental Genotypes for Assaying ptc Rescuing followed by recovery at 258C for 60 min.
Activity of Transgenes
(i) y; TPT.2L (or TPH.2L) ptcIIW/CyO, y1 crossed to y; ptcP78 (or ptcS2)/ Acknowledgments
CyO,y1:
(ii) y; SM6, Cy-TM6B, Tb/ptcIIW, TPT.3 (or TPH.3) crossed to y; We thank A. Adachi for technical assistance; H.-M. Chung for her
ptcP78 (or ptcS2)/CyO,y1: early contribution to characterizing the smo3 phenotype; I. Guerrero
(iii) y; SM6, Cy-TM6B, Tb/ptcIIW TPT.2R, ptc-lacZ(III) crossed to y; for the ptc coding sequence and Ptc antisera; R. Holmgren for the
ptcP78/CyO,y1: Ci antisera; R. Blackman, G. Campbell, R. Whittle, R. Nusse, J.
(iv) y; SM6, Cy-TM6B, Tb/ptcIIW TPT.2R, ptc-lacZ(III) crossed to y; Grenier, Y. Higashi, M. Scott, and the Bloomington Stock Center for
ptcP78 TPT.2R/CyO,y1: stocks; M. Ensini for assistance with the confocal microscopy; and
For (i) and (ii), ptcIIW/ptcP78 (or ptcIIW/ptcS2) progeny carry one copy R. Axel, H.-M. Chung, S. Greenwood, T. Jessell, J. Jiang, P. A.
of the transgene and are marked by y and Cy1; for (iii) and (iv) Lawrence, and A. Tomlinson for advice, discussion, and comments
ptcIIW/ptcP78; ptc-lacZ(III)/1 progeny carry one or two copies of the on the manuscript. Y. C. is supported by the College of Physicians
transgene, respectively, and are marked by y, Cy1, and Tb1 (the y and Surgeons, Columbia University. G. S. is a Howard Hughes Medi-
and Tb1 markers can be scored in the larva and adult). cal Institute Investigator.
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